Introduction
The role of carbohydrates as key biological ligands has been well established. Many examples of carbohydrate biomarkers have been demonstrated, ranging from blood group determinants to markers for certain disease states and cell types. Compared to peptides and nucleic acids, carbohydrates are "ideal for generating compact units with explicit informational properties" (Winterburn and Phelps 1972) . This is due to the high degree of isomerism possible within individual carbohydrate units (i.e., axial/equatorial placement of hydroxyls, α/β anomers), the many ways in which those units can be assembled into glycan chains (i.e., through attachment of units to different points, multiple attachments to one unit giving rise to branching), substituent variations (e.g., N-acetylation, sulfation) and the flexibility of the glycan chain (Gabius et al. 2004) . Although carbohydrate recognition is well understood at a biochemical level, the flexible nature of many types of glycan chains contributes greatly to the difficulty in understanding carbohydrate recognition on a structural level (DeMarco and Woods 2008) .
The successful transplantation of pig organs to humans (xenotransplantation) is prevented by the presence of carbohydrate antigens on the surface of the pig organs which are recognized by xenoreactive antibodies in the human bloodstream (Sandrin et al. 1993) . The major carbohydrate xenoantigens terminate in Galα(1,3)Gal epitopes (αGal epitopes) (Figure 1 ) (Cooper et al. 1993; Sandrin and McKenzie 1994) . To date, there are no structures available for αGal-terminating carbohydrates in complex with antibodies. There are a number of available structures of αGal-terminating carbohydrates in complex with various lectins (Tempel et al. 2002; Walser et al. 2004; Greco et al. 2006; Natchiar et al. 2006; Grahn et al. 2007; Kulkarni et al. 2007; Blanchard et al. 2008) . However, the carbohydrate binding modes obtained in lectin complexes may not be representative of those obtained in complexes with antibodies ).
Previously, we have developed a site-mapping technique using molecular docking and interaction analysis to investigate carbohydrate recognition by a series of mouse-derived antiαGal monoclonal antibodies (mAbs) ). In that investigation, the poses generated from molecular docking were analyzed solely from the point of view of the antibodies in order to produce maps of their binding sites. It is also possible to analyze these poses from the point of view of the carbohydrate. By performing the analysis in this way, it is possible to determine positions within the carbohydrate that are most important for interactions. However, for binding mode determination, the mapping approach has a fundamental limitation: there is no simple way to combine protein and ligand mapping information. The ligand poses obtained from docking cover a wide range of conformations and orientations. For carbohydrates, the glycan conformation may be a critical factor in determining the interactions taking place in a given binding mode. Thus, using interaction-based mapping as the sole means of determining carbohydrate binding modes is not only problematic at a practical level but may be potentially unreliable.
Fortunately, it has been demonstrated in various theoretical and experimental studies that certain carbohydrates can adopt specific preferred conformations. The Lewis antigens have been well studied in this respect, with a large volume of literature attesting to the rigid nature of these carbohydrates (Azurmendi et al. 2002; Ramsland et al. 2004; Yuriev et al. 2005) . The rigidity of Lewis antigens is attributed to favorable intramolecular interactions and the branched nature of the antigens, which imposes considerable steric barriers on the accessibility of certain regions of conformational space. Although Lewis antigens may be somewhat predisposed to having a rigid nature, it is possible that other types of carbohydrates, including xenoreactive epitopes, adopt specific conformational characteristics (Almond et al. 2004) . There have been a number of studies which demonstrate that the conformation of carbohydrates is often length and substitution dependent (Corzana et al. 2002; Lütteke 2009) .
In this study, we have developed an in silico protocol to determine binding modes for carbohydrates in complex with antibodies ( Figure 2 ). The method was applied to determine preferred carbohydrate binding modes for a panel of xenoreactive antibodies. The protocol exploits the tendency of certain carbohydrate linkages to cluster at specific conformational minima, which can be used to "filter" carbohydrate poses generated by molecular docking. Interaction-based filters using the previously determined antibody site maps ) and the carbohydrate maps presented here are then applied to select the carbohydrate poses exhibiting the most preferred binding characteristics.
Results

Identification of binding atoms within carbohydrate ligands (epitope mapping)
We have previously demonstrated the structural role of the terminal Galα(1,3)Gal epitope in the recognition of carbohydrate xenoantigens by a panel of xenoreactive mAbs (Agostino, San- Fig. 1 . Carbohydrate ligands. Galα(1,3)Galβ (1), Galα(1,3)Galβ(1,4)Glcβ (2), Galα(1,3)Galβ(1,4)GlcNAcβ (3), Galα(1,3)Galβ(1,4)GlcNAcβ(1,3)Galβ (4), Galα(1,3)Galβ(1,4)GlcNAcβ(1,3)Galβ(1,4)Glcβ (5).
Preferred carbohydrate binding modes in xenoreactive antibodies drin, et al. 2009 ). In mapping the carbohydrate antigens, a number of clear trends have emerged (Tables I and II) . O6 and C6 positions were consistently found to be important for hydrogen bonding and van der Waals (vdW) interactions, respectively. Notably, the participation of these atoms in intermolecular interactions was found to be the most pronounced in the three terminal residues and decreasing upon further extension of the carbohydrate chain. However, the terminal galactose in each antigen appears to be largely responsible for anchoring the antigen into the antibody binding sites. Gal1-O3 and Gal1-O6 are slightly more often involved in binding than Gal1-O4 (Table I) . Since the stereochemistry at C4 determines whether the unit is glucose or galactose, this preference suggests that there may be a steric barrier within the antibodies, which disfavors the binding of terminal glucose residues, rather than a specific recognition of O4.
It was found that oxygen atoms in glycosidic linkages were not able to form hydrogen bonds as easily as their hydroxyl counterparts. For example, Gal2-O1 accounts for a large proportion of hydrogen bonds taking place with carbohydrate (1), but much fewer hydrogen bonds occur with this position when it is substituted with carbohydrate residues, as is the case for the remaining antigens. Since glycosidic oxygen atoms do not have any hydrogen atoms attached to them, they can only act as hydrogen bond acceptors, unlike hydroxyl groups which can act as either donors or acceptors. Therefore, antibody residues must act as donors to interact with these oxygen atoms. The majority of antibody residues selected in the site mapping ) have the potential to act as either hydrogen bond donors or acceptors (Table III) . Since Gal2-O1 has limited involvement in hydrogen bonding in carbohydrates (2) to (5), it is likely that the antibody residues more often act as hydrogen bond acceptors than donors. Carbohydrate residue is glucose in (2) and N-acetylglucosamine in (3), (4) and (5). Another situation where it was found that substitution at a particular position adversely affected that position's ability to form hydrogen bonds was in the case of (3), the N-acetylated version of (2). Glc3-O2 accounts for a significant proportion of hydrogen bonds in (2) (10.3%), but when this glucose unit is converted to N-acetylglucosamine, as in (3), the importance of this position is strongly diminished (2.4%). The nitrogen atom of the N-acetyl functionality still has the ability to hydrogen bond in the same way as a hydroxyl group. However, the accessibility of the nitrogen atom is hindered by the presence of the acetyl group, which is reflected in the difference in the amount of hydrogen bonds observed with Glc3-O2 in (2) and GlcNAc3-N2 in (3). The cases of O1 and Glc3-O2/ GlcNAc3-N2 highlight the importance of steric and electronic effects in determining interacting carbohydrate sites.
The existence of hydrophobic patches in galactose, glucose and N-acetylglucosamine has previously been reported and suggested to play a role in carbohydrate interactions with proteins (Lemieux 1996; Stanca-Kaposta et al. 2007 ). Our epitope mapping data suggest that, in the xenoantigen-mAb systems, the C6 position of each carbohydrate residue dominates the hydrophobic interactions. Together, the remaining carbon positions forming the hydrophobic patches of galactose, glucose and N-acetylglucosamine contribute as much to hydrophobic interactions as C6.
The most consistently important positions for hydrogen bonding were found to be Gal1-O3, Gal1-O6, Gal2-O6 and Glc3-O6. Positions of lesser importance for hydrogen bonding included Gal1-O2, Gal1-O4, Gal2-O2 and Gal2-O4. The most important positions for vdW interactions were found to be the C6 atoms of each carbohydrate residue. These positions, as well as the most important hydrogen bonding positions, were used as anchor points to select likely carbohydrate poses (Figure 3 ).
Determination of the most populated conformational states
Plots of glycosidic dihedral angles (ϕ and ψ) were obtained for the Galβ(1,4)Glc, Galβ(1,4)GlcNAc and the Galα(1,3)Gal linkages ( Figure 4A and C). No conformational difference between the Galβ(1,4)Glc and Galβ(1,4)GlcNAc linkages was observed, so the data for these linkages were combined ( Figure 4A ). The plots indicate that the linkages tend to cluster in specific conformational regions, which coincide well with those observed in xenoantigen-lectin crystal structures ( Figure  4B ). A prominent conformational cluster of Galβ(1,4)Glc/ GlcNAc corresponds to mean ϕ and ψ values of −70°(range 727 
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of −90°to −60°) and 130°(range of 100°to 150°), respectively, agreeing well with experimental data (cluster 1 in Figure  4A ) ). A number of other minor clusters are also observed in the plot. The most populated of these occurred at ϕ = 60°(range of 50°to 70°) and ψ = 125°(range of 115°to 135°) (cluster 2 in Figure 4A ). The conformational flexibility of the Galα(1,3)Gal linkage is reflected in the number and broader distributions of the conformational clusters for this glycosidic linkage ( Figure 4C ). A broad range of Galα(1,3)Gal conformers are also observed experimentally in crystal structures ( Figure 4D ). There are three prominent conformational clusters for Galα(1,3)Gal which are all quite close in conformational space to one another and are all approximately equally populated. The first of these occurs at mean ϕ and ψ values of 75°(range of 60°to 100°) and −100°(range of −120°to −70°), respectively. The second of these has a similar range of ϕ values to the first but is centered at a ψ = −140°(range of −160°to −120°). The data making up the third cluster are more spread out than the other clusters, occurring across a ψ range almost equivalent to the combined ψ range of the other clusters (centered at ψ = 100°) and a ϕ range of 110°to 170°(centered at ϕ = 150°). The broad range of angles obtained for the Galα(1,3)Gal linkage suggests that either each of the antibodies recognizes a distinct conformation of the linkage or that one or more of the antibodies recognizes a range of Galα(1,3)Gal conformations.
Our clusters for the Galα(1,3)Gal linkage agree well with those previously determined by molecular dynamics (MD) simulation (and validated by nuclear Overhauser enhancement spectroscopy [NOESY] ) of the trisaccharide antigen (Corzana et al. 2002) ; these have been recalculated using the International Union of Pure and Applied Chemistry (IUPAC) convention (Liebecq 1992 ) and compared to our clusters in Table IV . Clusters A and B of Corzana et al. intersect with our clusters 1 and 2, while cluster D intersects with our cluster 3. This indicates that the clusters selected by docking are likely to exist in solution. However, similar to cluster D (Corzana et al. 2002) , cluster 3 representing non-exo-anomeric conformations is less likely to exist in solution. None of our clusters correspond with the binding mode obtained by NOESY for the Galα(1,3)Gal disaccharide in complex with purified human anti-αGal IgG (Siebert et al. 2000) ; when recalculated using IUPAC conven- In all of the plots, ϕ and ψ for each of the linkages are defined as the dihedral angles formed by the atoms O5-C1-O1-C x and C1-O1-C x -C x − 1 , respectively, following the IUPAC convention (Liebecq 1992) .
tions, this occurs at ϕ = 110°, ψ = 90°, just outside the limit of cluster C of Corzana et al. The previously obtained maps of the Galα(1,3)Gal linkage (Imberty et al. 1995) and the molecular dynamics simulation of the trisaccharide antigen (Corzana et al. 2002) indicate the presence of an energy barrier between clusters A and C, and further substitution of the trisaccharide makes this barrier insurmountable. Therefore, the Siebert et al. determined conformation of Galα(1,3)Gal may be readily accessible to the disaccharide in isolation but less accessible for larger antigens containing terminal Galα(1,3)Gal.
Determination of xenoantigen binding modes
Since the Galα(1,3)Gal linkage gave rise to broadly distributed conformational clusters, this information was not used to filter the orientational Galα(1,3)Gal clusters obtained and thus derive preferred binding modes. This is also the reason why binding modes were not determined for the Galα(1,3)Gal disaccharide. Binding modes were derived for the larger antigens using the information obtained for the Galβ(1,4) Glc/GlcNAc linkage, for which clearly defined conformational Angles specified: ϕ l /ψ l , lower limit of ϕ/ψ in cluster; ϕ h /ψ h , upper limit of ϕ/ψ in cluster; ϕ m /ψ m , midpoint of ϕ/ψ in cluster. b Clusters obtained from conformational maps generated from docking results ( Figure 4C ). Clusters obtained from molecular dynamics simulation (validated by NOESY) of Galα(1,3)Galβ(1,4)GlcNAc(OMe) (Corzana et al. 2002) and recalculated to follow the IUPAC convention (Liebecq 1992 ). d Cluster is spread across ψ limits. Preferred carbohydrate binding modes in xenoreactive antibodies clusters were observed. The selection of orientational clusters of the Galβ(1,4)Glc/GlcNAc portion of the antigens bearing at least one member satisfying the ϕ/ψ range determined for this linkage tended to be quite specific for particular antibodies; mAbs 8.17 and 15.101 were exceptions to this, exhibiting similar Galβ(1,4)Glc binding modes to one another. For each antibody-except mAb 6.13-at least two clusters were found which contained at least one member satisfying the ϕ/ψ constraints of the Galβ(1,4)Glc/GlcNAc linkage and at least four members obtained from docking to that antibody. Only one Galβ(1,4)Glc/GlcNAc cluster containing more than one member was obtained for mAb 6.13; however, this is not a surprising observation given that the mAb 6.13 binding site is too shallow and too narrow to bind much more than terminal αGal; thus, the Galβ(1,4)Glc/GlcNAc linkage of the antigens would be expected to exhibit more conformational flexibility and orientational freedom in this case. None of the clusters selected for any of the antibodies contained binding modes corresponding to the pentasaccharide antigen. Poses obtained for this antigen generally featured the carbohydrate in poor association with the target antibody, highlighting the ineffectiveness of the docking algorithm in dealing with such a large structure. Since some antibodies recognize carbohydrates as small as trisaccharides (Agostino, Jene, et al. 2009 ), it is possible that two residues of the pentasaccharide would be protruding from the binding site. In our validation of carbohydrate-antibody docking, it was demonstrated that structures with such significant binding site protrusions proved difficult to dock effectively (Agostino, Jene, et al. 2009 ).
The orientational clusters which were selected for each antibody were checked using the site maps ). Each cluster examined satisfied the antibody site maps to varying degrees. Overall, it was found that the collection of clusters represented two distinct binding orientations: one with terminal αGal pointing towards the antibody binding site floor and one with terminal αGal pointing away from the binding site floor. In every case (except mAb 24.7), the site maps indicated the end-on insertion of the terminal αGal residue, with at least that residue acting to anchor the antigen ( Figure 5 ). This finding supports previous hypotheses about the mechanism of carbohydrate recognition by anti-αGal antibodies (Ramsland et al. 2003; Yuriev et al. 2008) .
The interactions taking place in each of the preferred binding modes are generally with residues selected by the site/ consensus maps (Table III) . Where there were interactions with residues other than those indicated by the maps, these typically took place with the third or fourth carbohydrate residues (i.e., not the terminal Galα(1,3)Gal disaccharide). The choice of binding modes for each antibody can generally be well explained in terms of the topography of each antibody binding site ) and the flexibility of each linkage type (Table V; 
see below).
Effect of binding site topography on preferred binding modes The antibodies 12.15, 15.101 and 8.17 all feature a narrow "clasp" region between the 36H and 109H positions and a broader valley region bordered by the lower rim of the binding site ( Figure 5D , E and F). In mAbs 8.17 and 12.15, the third carbohydrate residue is located in the clasp; in mAb 15.101, it is the second residue in the clasp. The terminal αGal epitope is located in the valley region in each of the three cases. The narrow region of these binding sites is tailored to recognize a specific conformation of the Galβ(1,4)Glc/GlcNAc linkage, while the broader region is permissive in its recognition of the Galα(1,3)Gal linkage. This contrasts with mAbs 6.13 and 22.121, which are comparatively restrictive with regards to binding αGal. The antibody 6.13 ( Figure 5A ) appears to recognize only a very specific αGal conformation (Table V) , while the residues that follow it are less restricted in conformation due to the shallow nature of the antibody's binding site. The antibody 22.121 is restrictive on all three terminal residues, the narrow binding site forcing quite specific residue placement ( Figure 5B ). Despite The third carbohydrate residue is glucose (Glc) in (2) and N-acetylglucosamine (GlcNAc) in (3) and (4). the narrow nature of the binding site where the third residue is anticipated to bind, the role of N-acetylation of this residue for recognition is unclear, as equally plausible binding modes appear with varying conformation at this position.
Binding modes for mAb 6.13
The binding modes for mAb 6.13 ( Figure 5A ) appear to be largely driven by hydrophobic interactions, the main being between the terminal galactose and the backbone of Ser108L. Tyr110H is also important, forming a hydrophobic sugarbinding pocket with the backbone of Ser108L. The second galactose-specifically, its O4 position-is involved in hydrogen bonding with Ser108L. In each of the binding modes, the ϕ torsion of the Galα(1,3)Gal linkage exists in a non-exo-anomeric conformation. The docking algorithm aims to optimize the contacts between the ligand and the antibody; thus, the Galβ(1,4)Glc/GlcNAc portions of the ligands are oriented close to the antibody, distorting the geometry around ϕ of Galα(1,3)Gal. Small populations of such conformations of the Galα(1,3)Gal linkage have been obtained with MD simulations carried out in explicit water and validated by nuclear magnetic resonance (NMR) (Corzana et al. 2002) .
Binding modes for mAb 22.121
The binding modes for mAb 22.121 ( Figure 5B ) are almost entirely driven by hydrogen bonding. The tight nature of the binding site is reflected in both the choice of binding modes, which overlay extremely well, and in the interactions taking place in the binding modes, which are very similar in all of the cases. The majority of hydrogen bonds take place with the second and third carbohydrate residues and very often with the glycosidic and endocyclic oxygens. This is surprising, since the epitope mapping suggested that these oxygens were not likely to be involved in hydrogen bonding (Table 1) . Other positions important in the binding modes included Gal2-O4, Gal2-O6 and Glc3-O3. The terminal galactose is generally recognized at the O4 position by Arg57H and at the O2 position by Ser107L and Trp116L.
Binding modes for mAb 24.7
The binding modes selected for mAb 24.7 ( Figure 5C ) are reversed in orientation when compared to the other antibodies and do not display end-on insertion. This is largely due to the site maps obtained for mAb 24.7, which indicated that the majority of interactions occurred with residues on the opposite side of the binding site compared to the other antibodies (largely with Asn109H). According to epitope mapping, the terminal Galα(1,3)Gal is generally expected to make the majority of interactions. The consideration of site and epitope maps favors the selection of flipped binding modes for mAb 24.7. Binding modes displaying end-on insertion and anchoring of the terminal galactose were also observed but were less favored.
Binding modes for mAb 12.15
The mAb 12.15 binding modes obtained for the two trisaccharide antigens and the tetrasaccharide antigen reflect three slightly different antigen states, possibly representative of three snapshots in the event of binding ( Figure 5D ). The importance of asparagine residues for binding the terminal galactose residues is predicted, with Asn66H or Asn114L typically interacting with Gal1-O4 in each of the structures. The third residue is anchored by CH-π stacking to Trp36H. In the tetrasaccharide binding mode, the fourth residue is anchored by hydrophobic (but not stacking) interactions to both Trp36H and Tyr35H.
Binding modes for mAb 15.101 While the third and fourth residues are important for anchoring the carbohydrates via hydrophobic interactions to mAb 12.15 ( Figure 5D ), it is the second residue that takes this role in mAb 15.101 ( Figure 5E ), specifically via CH-π interactions to Trp36H. Figure 5F ). In contrast to the CH-π-driven binding modes of mAb 15.101, the binding modes for mAb 8.17 are more comparable to those obtained for mAb 22.121, being largely hydrogen bond driven. The antibody 8.17 employs a triad of residues (Ser108L, Tyr116L and Glu55H) to recognize the O3, O4 and O6 positions of the terminal galactose. Another important interaction taking place in the mAb 8.17 binding modes is the hydrogen bond formed between Gal2-O2 and the backbone of Gly109H. This interaction is crucial in explaining the fine difference in antigen specificity observed between mAbs 8.17 and 15.101 (see below).
Fine ligand specificity of mAbs 15.101 and 8.17 explained by preferred binding modes It has been determined by enzyme-linked immunosorbent assay (ELISA) experiments that mAb 15.101 has reduced affinity for Galα(1,3)Galβ(1,4)GlcNAc compared to Galα(1,3)Galβ(1,4)Glc (Milland et al. 2007 ). The binding modes obtained here suggest why this is the case (Figure 6 ). The limited amount of hydrogen bonding compared to mAb 8.17 suggests that vdW interactions might be more important driving forces behind mAb 15.101's differentiation between these two antigens. In the N-acetylated version of the antigen, the interaction of the acetyl group with Tyr35H precludes further entry of the antigen into the binding site, thus preventing effective interaction of the hydrophobic face of the second galactose with Trp36H ( Figure 6A ). By contrast, Galα(1,3)
Galβ(1,4)Glc enters slightly further into the binding site, allowing stacking of the hydrophobic face of the second galactose and Trp36H ( Figure 6B ). Conversely, mAb 8.17 produced similar titers for Galα(1,3) Galβ(1,4)Glcβ and Galα(1,3)Galβ(1,4)GlcNAcβ when tested by ELISA (Milland et al. 2007) . The 109H position is the major point of difference in the binding sites of mAbs 8.17 and 15.101, being glycine in mAb 8.17 and serine in mAb 15.101. In both antibodies, the ligands are interacting with the protein backbone at this position. In mAb 8.17, the oxygen of the amide carbonyl points into the binding site ( Figure 6C and D) , while the same oxygen points away from the binding site in mAb 15.101 ( Figure 6A and B) . Since position 109H is a glycine in mAb 8.17, the observation of different backbone conformations is not surprising, as glycine can adopt more backbone conformations than other residues (Lovell et al. 2003) . The conformation it adopts in mAb 8.17 facilitates the hydrogen bond between the carbonyl and the hydrogen of Gal2-O2 (mentioned above) in both ligands. This hydrogen bond shifts the second galactose residue away from Trp36H, compared to mAb 15.101, which results in similar binding modes for Galα(1,3)Galβ(1,4)Glcβ and Galα(1,3)Galβ(1,4) GlcNAcβ (Figure 6C and D) . The impact that the serine/glycine "switch" has on the determined binding modes for these antibodies and on their ligand specificity serves to highlight that even small changes to binding site residues can make a dramatic impact on how proteins recognize ligands.
Discussion
Previously, carbohydrates interacting with antibodies and lectins have been analyzed by NMR and "chemical mapping" techniques in order to determine ligand "sites" most involved in interactions (Lemieux 1996; Audette et al. 2003) . The advantage of our carbohydrate mapping technique is that it includes data from multiple ligand poses rather than only considering a single "snapshot" pose ).
The dihedral angle data obtained for the glycosidic linkages indicate that specific Galβ(1,4)Glc/GlcNAc conformations are recognized by the antibodies. Although Galα(1,3)Gal does exhibit some specific ϕ/ψ clusters, these clusters are quite close in conformational space to one another. Thus, the conformational clustering highlights how carbohydrate binding modes can be determined based on multiple docked poses, although caution must be taken in interpreting the clusters to ensure that they are representative of real structures. In the case of the xenoantigens, considerable experimental and theoretical evidence ) points favorably towards a specifically observed Galβ(1,4)Glc/GlcNAc conformation, also determined here computationally.
The observation of specific Galβ(1,4)Glc/GlcNAc conformations compared to the broad range of similar Galα(1,3) Gal states has some important implications with regard to both the nature of these carbohydrates and their recognition by anti- bodies and lectins. The conformational populations of Galβ(1,4)Glc/GlcNAc suggest that this part of the antigen is more rigid and therefore could be more consistently recognized across the antibody panel. Although the importance of terminal αGal for interactions with the antibodies has already been demonstrated using site mapping ), the much greater degree of flexibility of the Galα(1,3) Gal linkage suggests that the antibodies can recognize a variety of different αGal conformations equally well. Furthermore, the flexibility of αGal also explains the need for a series of antiαGal antibodies that specifically recognize different conformations (or series of conformations) of αGal rather than just one antibody that recognizes a single conformation of αGal.
The biological need for a series of anti-αGal antibodies is further emphasized when examining the selected xenoantigen binding modes. Although the conformations of the carbohydrates in complex with each antibody are reasonably similar, each of the six antibodies examined here is predicted to recognize the carbohydrates in different ways. Particularly interesting is the difference in fine ligand specificity demonstrated by mAbs 8.17 and 15.101. These antibodies share very high sequence and structural homology yet recognize the antigens using distinct mechanisms. The backbone "switch" effect of position 109H alters the binding site in each case such that the hydrophobic features dominate carbohydrate binding in mAb 15.101, while hydrogen bonds dominate in mAb 8.17. This kind of subtle change is also observed in phosphodiesterases, where the conformation of just one glutamine residue side chain in the active site dictates the specificity of the enzyme for cyclic adenosine monophosphate or cyclic guanosine monophosphate (Manallack et al. 2005) .
The different carbohydrate binding modes observed for each of the antibodies are not surprising when considering the broad range of binding modes observed for xenoantigen epitopes in complex with various lectins ). Griffonia simplicifolia lectin IB4 recognizes only the terminal galactose of the major carbohydrate xenoantigen, hydrogen bonding to all of the hydroxyl groups and engaging the antigen in vdW interactions with tryptophan residues (Tempel et al. 2002) . Peanut lectin (Natchiar et al. 2006) and Pseudomonas aeruginosa lectin I (Blanchard et al. 2008 ) exhibit similar carbohydrate binding modes to lectin IB4, although they also engage Gal2-O2 in hydrogen bonding. The fungal galectin CGL2 interacts more strongly with the second galactose residue rather than the terminal galactose residue (Walser et al. 2004) . Clostridium difficile toxin A (Greco et al. 2006) and Marasmius oreades lectin (MOA) (Grahn et al. 2007 ) feature binding modes that are most similar to the antibodies examined. These lectins engage in hydrogen bonding with several points throughout the carbohydrate. In particular, MOA engages the second galactose in CH-π interactions with a solvent-exposed tryptophan residue, much like in mAbs 12.15 and 15.101.
The aforementioned lectins are all potential candidates for use in studies of xenoantigens and their mimics. In particular, the lectin IB4 has previously been used in phage display studies to identify prospective inhibitors of anti-αGal antibodies (Vaughan et al. 1996) . Considering the binding modes for the antibodies obtained here, the lectin IB4 may not be the most suitable model of the xenoantigen-antibody system. However, the obtained binding modes also suggest that no one lectin is a suitable model for this system. The binding modes emphasize that caution should be exercised in interpreting the results of xenoantigen studies using one lectin, since that lectin may not accurately represent the binding properties of all of the antibodies present in an anti-αGal serum.
In summary, the carbohydrate mapping technique developed here can provide information about which ligand sites are most involved in interacting with the target. In the case of αGal and related antigens, these sites were largely found to be O3, O6 and C6 of the terminal galactose and O6 and C6 of the second galactose. Further insights were gained concerning the stereochemical preference of anti-αGal mAbs for terminal galactose vs glucose, the effects of hydrogen bonding potential of carbohydrate atoms/groups on their interactions with protein residues, the influence of steric factors and the role of the carbohydrate residues in the third position (i.e., GlcNAc vs Glc in mAb 15.101).
The combination of information gained for both interacting partners from the antibody site mapping and carbohydrate mapping allowed the identification of a series of xenoantigen binding modes for each antibody. The rigid nature of the Galβ(1,4)Glc/GlcNAc linkage was exploited in orientational clustering of the carbohydrate poses, and the resulting clusters were filtered using the antibody site mapping information. The selected binding modes demonstrated the unique ways by which each antibody recognized the same antigen. In particular, the importance of solvent-exposed aromatic residues for some of the binding modes was established. The selected binding modes indicate that end-on insertion of the terminal αGal residue is the primary strategy by which antibody recognition of the xenoantigens is achieved.
Materials and methods
Site mapping of anti-αGal antibodies Homology models of the fragment-variable regions of six antiαGal mAbs were prepared using the Modeller algorithm in Discovery Studio 1.6 following previously developed procedures (Ramsland et al. 1997; Milland et al. 2007; Yuriev et al. 2008 ) and reported elsewhere ). Molecular docking of the carbohydrate antigens into the homology models was performed using Glide 4.5 following previously developed and validated procedures ). All of the complexes generated for a particular antibody-carbohydrate pair were examined using LIGPLOT (Wallace et al. 1995) . A cutoff of 3.9 Å was set for vdW contacts and 3.35 Å set for hydrogen bonds. As per standard LIGPLOT protocol, only contacts between hydrophobic atom types were considered to be hydrophobic vdW contacts (i.e., those contacts occurring between carbon or sulfur atoms and other carbon or sulfur atoms). Hydrogen bonding and vdW data were collected and tallied over all poses of each antibody-carbohydrate pair. The tallies were used to generate the antibody site maps as described previously (Agostino, ).
Identification of binding atoms within carbohydrate ligands
All individual hydrogen bonds made with a particular oxygen/ nitrogen atom of the carbohydrate were counted as one towards a hydrogen bond tally for that oxygen atom. All vdW interactions recorded between a particular carbon atom of the carbohydrate and an antibody residue were counted as one towards a vdW tally for that carbon atom. Both hydrogen bonding and vdW interactions were tallied over all docked poses for each antibody-carbohydrate pair. In order to identify atoms within carbohydrate antigens most important for binding to the antibodies, the data from the poses of each carbohydrate docked into all the anti-αGal mAb binding sites were combined and percentage contributions to binding of carbohydrate atoms calculated. For each complex, individual hydrogen bonds made by a particular carbohydrate position were counted as one towards a hydrogen bond tally for that position. All combined vdW interactions recorded between a particular carbohydrate atom and a particular antibody residue were counted as one towards a vdW tally for that atom. The contribution of each atom to overall binding was represented as a percentage of the total number of interactions observed between a particular antigen and all of the antibodies.
Based on the percentage contribution to intermolecular interactions, the carbohydrate positions in each antigen were examined from the greatest to least contributing, and the cumulative sum of the relevant interaction percentage contributions was recorded. Positions which occurred above a cumulative sum cutoff of 50% were deemed to be important for interactions in that antigen. Positions that were important for interactions with at least three of the antigens were deemed to be the most important for interactions overall.
Determination of most populated conformational states
In order to determine the most populated conformational states, dihedral angles ϕ and ψ were determined for the Galα(1,3)Gal and the Galβ(1,4)Glc glycosidic linkages of all poses of antigens (2) to (5) (Figure 1 ). The dihedral angles ϕ and ψ were defined as the angles made by the carbohydrate atoms O5-C1-O1-C x and C1-O1-C x -C x − 1 , respectively, following the IUPAC convention (Liebecq 1992) . Ramachandran-like plots (ψ vs ϕ over ± 180°in both axes) were generated for each linkage type. The data density of the plot was determined by dividing the plot into 7.5°× 7.5°boxes and counting the number of data points present in each box. These values were standardized to 1 by dividing the number of data points in each box by the total number of data points. Contour plots were generated which revealed the most densely populated conformational clusters. These clusters were checked for relevance against experimentally determined angle data . A likely conformational range for ϕ and ψ for each linkage was established and used to filter structures during the orientational investigation.
Determination of preferred carbohydrate binding modes (orientational clustering)
In order to determine preferred carbohydrate orientations within the binding site, the carbohydrate poses were examined for orientational consistency within a particular conformer family of a particular linkage. Two copies of the poses were utilized for this part of the investigation. One set of poses was reduced to containing just the terminal Galα(1,3)Gal residues. The other set of poses was reduced to containing Galβ(1,4)Glc, the second and third residues in antigens (2) to (5). All hydrogen atoms were removed from the edited structures. Each set of structures was then clustered to a root-mean-square deviation threshold of 2.0 Å. The clusters were examined to determine those that contained at least one member bearing a linkage within the appropriate ϕ and ψ limits previously determined. Clusters containing at least four members derived from the same antibody were checked for consistency with the site maps obtained for that antibody ) as well as the carbohydrate maps (described above). The cluster that satisfied the site maps and the carbohydrate maps to the greatest degree was selected as reflecting the most likely carbohydrate binding mode of that antibody.
